Six enzyme-linked immunosorbent assays, a latex agglutination test, and the standard microtitration serum virus neutralization test were compared for their ability to detect antibodies against pseudorabies virus (PRV) during the early stages of infection. Thirty-five pigs were infected intranasally with 10 5 -10 7 TCID 50 of either the Iowa 4892 pneumotropic or the Becker strain of PRV. Blood samples were drawn from experimentally inoculated animals on days 4-10, 14, and 21 postchallenge. Test sensitivity estimates and comparisons among tests were made for each sampling day over the 21-day monitoring period. Results of this study demonstrated differences among tests in 1) the time from inoculation to initial antibody detection, 2) the time to detect ≥ 95% of the infected pigs, and 3) the time from initial antibody detection to determination of ≥ 95% as positive. By day 10 postchallenge, no statistically significant difference in diagnostic sensitivity was observed among the 8 tests compared in the study.
Pseudorabies (PR) is a viral disease of swine caused by the pseudorabies virus (PRV). Depending on the age and reproductive status of the pigs, PR is characterized by a range of clinical signs, including mild respiratory disease, reproductive failure, and death. 16 Losses due to PR have led to the development of vaccines that reduce the severity of clinical signs. 7, 13, 15, 21 In the past, vaccination of pigs with PRV vaccines led to difficulties in determining if PRV antibody titers were due to vaccination or field infection. In recent years, the development of gene-deleted pseudorabies vaccines has made it possible to differentiate vaccinated pigs from infected pigs. 5, 11, 12, 14 In a gene-deleted vaccine virus, the antigen coded for by the missing gene is not produced. Consequently, antibody directed against the missing glycoprotein is not produced when animals are vaccinated but is present if animals are infected with field strain PRV.
In an effort to identify the presence of PRV in infected swine and to eradicate PRV from swine herds, a number of serological diagnostic tests have been developed. Diagnostic tests are comprised primarily of two general types: 1) screening tests, which respond to any PRV antibodies produced in response to PRV antigens either from vaccination or field infection, 9, 20 and 2) differential tests, which are able to distinguish between PRV-infected pigs and PRV-vaccinated pigs. 6, 14, [22] [23] [24] Several differentiable vaccines and companion diagnostic tests are currently available.
The purpose of this study was to compare 6 enzymelinked immunosorbent assays (ELISAs), a latex agglutination (LA) test, and the standard serum virus neutralization (SVN) test for their ability to detect antibodies during early stages of PRV infection.
Materials and methods
Animal exposure. Five groups totaling 35 pigs were infected intranasally with either the Iowa 4892 or the Becker strain of PRV. Pigs in each group were age matched; the ages in each group ranged from 4 to 11 wk. The pigs were infected with 10 5 -10 7 TCID 50 of PRV.
Serology. Blood samples were drawn from infected pigs on days 4-10, 14, and 21 postchallenge (PC). Samples were tested for the presence of PRV antibodies by 8 different PRV diagnostic tests: a latex agglutination test, a a serum virus neutralization test, and blocking screen b indirect screen c blocking gX, d blocking gIII, e blocking gI, f and indirect gI g ELISAs. Samples were tested in duplicate by all test procedures except the LA test, and replicates are identified as result 1 or result 2. The total number of swine sera tested for each day postchallenge decreased from 35 sera on day 4 PC to 20 sera on day 21 PC because of the deaths of 15 pigs as the result of PRV infection. Table 1 summarizes the characteristics of the LA test and 6 ELISAs. The LA test and ELISAs were performed according to manufacturers' instructions. The SVN test was performed by heat inactivating sera for 30 min at 56 C. Twofold dilutions of each serum sample were made in 96-well microtiter plates h using minimum essential medium i supplemented with 1,000 µg/ml of amphotericin B j and 50 µg/ ml of gentamicin sulfate. k An equal volume of Shope strain PRV was added to each well at a dose of 100-300 TCID 50 / well. After a 1-hr incubation at room temperature, Madin-Darby bovine kidney cells were added to each well at a sufficient concentration to give a complete monolayer at 48 hr. Plates were incubated at 37 C for 48 hr in a 5% CO 2 atmosphere. The antibody titer was reported as the highest dilution at which there was 100% neutralization of the virus. An antibody titer ≥ 1:2 was considered positive.
ELISA results were reported as positive, suspect, or negative. For this study, a serum sample was considered positive only if the subsequent sample was also positive. A suspect result followed by a positive response on the following day's sample was also considered a positive response. Interpretation of ELISA results was based on a calculated ratio of the sample optical density (OD) to either the positive or negative control OD. Table 2 lists the formulas and threshold values for positive, negative, and suspect results for the 6 ELISAs. The LA test was reported as positive or negative; agglutination was indicative of a positive response.
Statistical analysis. Survival analysis and marginal homogeneity statistical methods were used to analyze the data. The data from both replicates were averaged prior to statistical analysis. Both statistical methods used discrete responses (positive or negative) rather than continuous values (calculated ratios). Survival analysis provided an appropriate method for estimating test sensitivity. Marginal homogeneity was used to determine whether differences in sensitivity among tests were statistically significant. Test sensitivity estimates and comparisons among tests were made for each sampling day over the course of the 21-day monitoring period.
Results
The number of days PC for initial detection of PRV antibodies by all tests is given in Table 3 . The LA test was the only test to detect PRV antibodies on day 5 PC, detecting PRV antibodies in 7/35 pigs. The indirect screen, blocking screen, blocking gX, and blocking gIII ELISAs and the SVN test first detected PRV antibodies on day 6 PC. The 2 gI ELISAs did not detect PRV antibodies until day 7 PC.
The number of days required for each test to classify ≥ 95% of the pigs as positive for PRV antibodies is shown in Table 3 . The blocking screen ELISA and LA test detected PRV antibodies in ≥ 95% of the pigs by day 7 PC. The indirect screen ELISA detected PRV antibodies in ≥ 95% of the pigs by day 8 PC. The indirect gI (result 2), blocking gI, and blocking gIII ELISAs classified ≥ 95% of the pigs as positive by day 9 PC, whereas the blocking gX and the indirect gI (result 1) ELISAs detected ≥ 95% of the pigs by day 10 PC and day 14 PC, respectively. The SVN test lagged behind all other tests and did not detect ≥ 95% as positive until day 21 PC.
The time span from detecting the first PRV antibody-positive animal to detecting ≥ 95% of the group of animals was compared ( Table 3 ). The blocking screen ELISA was superior, with only a 1-day delay from initial to ≥ 95% detection. There was a 2-day delay in the LA test and the indirect screen, indirect gI (result 2), blocking gI, and blocking gIII ELISAs. The blocking gX ELISA had a 4-day delay and the indirect gI (result 1) ELISA had a 7-day delay from initial to ≥ 95% detection. The SVN test results 1 and 2 had the longest delays from initial to ≥ 95% detection of 13 and 15 days, respectively. Statistically significant differences in sensitivity among tests were seen on days 5-9 PC (Table 4) . Initially, the LA test detected significantly more positive animals. Thereafter, the sensitivity of the tests in decreasing order of sensitivity were blocking screen, indirect screen, and blocking gIII ELISAs. The indirect gI, blocking gI, and blocking gX ELISAs had the same sensitivity for detection of early PRV antibodies but were less sensitive than the LA test, screening ELISAs, and blocking gIII ELISA. By day 10 PC, no significant differences in sensitivity could be seen among the 8 tests compared.
Discussion
Previous studies comparing the performance of PRV serology tests have attempted to determine the relative sensitivity and specificity of the tests for detecting infected pigs. Problems of interpretation have arisen because of the difficulty in establishing the true status of the test sera used in the analysis. A study comparing 2 screening ELISAs and the SVN test determined that 1 of the ELISAs was more specific than the other. 8 However, the infection status of the swine population tested was not defined, and the SVN test was used as the "gold standard" for comparison. Thus, sera detected as positive by the ELISAs but negative by the SVN test were considered false positive. Because the true status of the test sera was not defined, an alternative conclusion is that the ELISAs were more sensitive than the SVN test. Another study compared the ability of 3 differential PRV ELISAs to detect naturally infected feral pigs. 18 An LA test was used as the standard test for comparison purposes in this study. Again, the true infection status of the individual pigs was not known, although the population as a group was known to be endemically infected with PRV.
The The LA test detected antibodies resulting from challenge with PRV earlier than did the other tests compared. This result is in agreement with that of a previous study comparing the LA test with the SVN test and a screening ELISA. 19 The ELISAs detected antibodies earlier than did the SVN test following challenge with PRV. Previous research has shown that the SVN test lacks the sensitivity of screening ELISAs in detecting PRV antibodies.
1,2,10 Addition of guinea pig or rabbit complement to the SVN test was necessary to detect PRV neutralizing antibody during the very early (4-9 days postchallenge) immune response. 3, 4 Furthermore, an SVN assay lacking complement failed to demonstrate PRV neutralizing IgM antibodies, even when IgM was present at high titers. 17 Complementindependent neutralization is dependent on the appearance of IgG antibodies at about 7 or 8 days following infection. 17 Results from the present and previous studies indicate that the standard SVN test is not the test of choice for the earliest detection of PRV infection in swine.
PRV vaccines have been widely used along with management practices to work towards the eradication of PRV. The differential ELISAs have become an important tool in the eradication process for differentiating PRV antibodies due to vaccination from PRV antibodies due to exposure to field virus. To achieve the goal of eradicating PRV, the differential ELISAs should be of comparable sensitivity to the screening ELISAs. This would allow for the use of differential tests at slaughter for surveillance as part of the national pseudorabies eradication program and would eliminate the need for both a screening test and differential test for slaughter surveillance, provided a common gene deletion (e.g., gI) occurred in all PRV vaccines. The 4 differential ELISAs compared in this study were more sensitive than the SVN test and slightly less sensitive than the 2 screening ELISAs in the detection of PRV antibodies during the early stages of infection. Thus, a differential test should be used as part of the surveillance program. i. j. k.
